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extent from renewable energy sources like 
solar and wind. [ 1 ] However, fl uctuations in 
electricity production, resulting from the 
intermittency of these sources, as well as 
the consumption patterns, require effi -
cient large-scale energy storage systems to 
ensure the stabilization of the power grid 
by decoupling the production and con-
sumption of energy. As a consequence, 
the power grid of the future is predicted to 
progressively become more decentralized. 
Thus, energy storage systems are needed 
on the large scale, such as pumped hydro, 
conversion to hydrogen and other liquid 
fuels, and small scale, for which batteries 
are a highly promising technology. [ 2 ] In 
particular sodium-ion batteries (SIBs) 
might be an attractive candidate for cost-
effi cient stationary energy storage due to 
the cost-advantage versus lithium-ion bat-
teries (LIBs) originating from the use of 
abundant, widely distributed raw materials 
as well as to the easy technology transfer 
from LIBs (the two technologies fully share 
the cell design as well as the assembly pro-
cess) and their good electrochemical performance, being supe-
rior to most other secondary battery technologies except for 
LIBs. [ 3 ] SIBs appear even more promising when considering 
that the most commonly used battery technology for stationary 
energy storage is lead acid battery, which is made of highly toxic 
materials (Pb and H 2 SO 4 ) and capable of storing only about 
35 Wh kg −1 . [ 4 ] Having identifi ed an appreciable and increasing 
market demand, SIBs need to be transferred into such applica-
tions, which necessitates the development of new, cheap, envi-
ronmental friendly, and powerful electrode materials. 
 Besides polyanionic materials such as NaFePO 4 , layered 
oxide compounds are particularly promising candidates for the 
positive electrode due to their high specifi c capacities. [ 5 ] Delmas 
et al. introduced layered sodium oxides during the 1980s and 
defi ned a structural classifi cation for A x MO 2 -type materials 
(A = Li, Na; M = transition metal), [ 6 ] which describes the tran-
sition metal layers stacking arrangement and the coordination 
of alkali ions in it. In accordance, the octahedral or trigonal 
prismatic coordination of alkali ions is denoted with O and P, 
respectively. The number of transition metal layers per unit 
cell is indicated after the letter. [ 6 ] For example, O3- and P2-type 
phases contain octahedral sites or trigonal prismatic sites for 
Na + -cations and three or two different (MO 2 ) n -layers per unit cell, 
 Herein, the synthesis of new quaternary layered Na-based oxides of the 
type Na x Mn y Ni z Fe 0.1 Mg 0.1 O 2 (0.67≤  x ≤ 1.0; 0.5≤  y ≤ 0.7; 0.1≤  z ≤ 0.3) is 
described. The synthesis can be tuned to obtain P2- and O3-type as well as 
mixed P-/O-type phases as demonstrated by structural, morphological, and 
electrochemical properties characterization. Although all materials show 
good electrochemical performance, the simultaneous presence of the P- and 
O-type phases is found to have a synergetic effect resulting in outstanding 
performance of the mixed phase material as a sodium-ion cathode. The 
mixed P3/P2/O3-type material, having an average elemental composition of 
Na 0.76 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 , overcomes the specifi c drawbacks associated 
with the P2- and O3-type materials, allowing the outstanding electrochemical 
performance. In detail, the mixed phase material is able to deliver specifi c 
discharge capacities of up to 155 mAh g −1 (18 mA g −1 ) in the potential 
range of 2.0–4.3 V. In the narrower potential range of 2.5–4.3 V the material 
exhibits high average discharge potential (3.4 V versus Na/Na + ), exceptional 
average coulombic effi ciencies (>99.9%), and extraordinary capacity retention 
(90.2% after 601 cycles). The unexplored class of P-/O-type mixed phases 
introduces new perspectives for the development of layered positive electrode 
materials and powerful Na-ion batteries. 
 1.  Introduction 
 Nowadays, issues like climate change and depletion of fossil 
fuels have changed our view on the present energy produc-
tion, which is essentially based on primarily nonrenewable 
energy sources. To ensure a stable energy supply in a worth-
while future, it will be inevitable to generate electricity to a great 
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respectively. With the commercialization of the LIB by Sony in 
1991 sodium-based layered oxides were primarily investigated as 
precursors for lithium analogue compounds via ion exchange. [ 7 ] 
However, in the last fi ve years, research efforts and interest rap-
idly increased and, nowadays, a great variety of layered sodium 
oxides is studied as possible cathode materials for future SIBs. 
Research efforts focus on abundant, low-cost, and environmental 
friendly elements to further underline the low-cost philosophy 
of SIBs. Hence, elements like iron (Fe) and manganese (Mn) 
are intensively investigated [ 8 ] with the target to replace the more 
expensive and toxic elements like cobalt (Co) and nickel (Ni). In 
previous work we have shown that Na 0.45 Ni 0.22 Co 0.11 Mn 0.66 O 2 
enables high specifi c capacities and a good overall electro-
chemical performance. [ 9,10 ] In further studies we demonstrated 
Co, the most expensive and unhealthy component, could suc-
cessfully be replaced by cheap and environmental friendly Fe, 
which is probably also redox active at high voltages. [ 11,12 ] As a 
matter of fact, the resulting Na 0.5 Ni 0.23 Fe 0.13 Mn 0.63 O 2 material 
revealed excellent characteristics in terms of high capacity and 
cycle life. Furthermore, the effect of Mg-doping was studied for 
Na x Mg 0.11 Mn 0.89 O 2 [ 13 ] which exhibited smoothed potential pro-
fi les, very high coulombic effi ciencies, and superior long-term 
cyclability. It should be noted that only a low concentration of 
the dopant elements, such as Mg 2+ , [ 14 ] Ti 4+ [ 15 ] or Zn 2+ , [ 16 ] is ben-
efi cial as these are electrochemically inactive and, thus, decrease 
the electroactive species. However, the combination of these 
approaches, i.e., doping with Mg 2+ and replacement of Co 3+ with 
Fe 3+ , has not been investigated yet. 
 In general, pure P2- and O3-type materials show certain 
intrinsic advantages and drawbacks associated with their struc-
ture. The O3-type material reveals a lower reversibility above 
4.0 V [ 17 ] and a lower rate performance as Na-ions have to dif-
fuse through face-shared interstitial tetrahedral sites. [ 18 ] P2-type 
materials provide a lower initial sodium reservoir and a fi rst 
cycle coulombic effi ciency well above 100%, leading to prob-
lems regarding full cell cycling and balancing, due to a large 
fraction of unoccupied Na + ion sites. [ 8 ] These observations led 
us to evaluate if the intrinsic disadvantages of each material 
could be overcome by mixing P- and O-type phases. In the mix-
tures, e.g., the O3-type material would guarantee high sodium 
contents, whereas the P2-type structured material would con-
tribute with its improved rate performance and higher voltage 
stability. Even though early studies report the coexistence of 
O3- and P2-type phases in dependence of the sodium con-
tent, [ 19 ] confi rmed by phase diagrams studies indicating the 
existence of mixed-type phases, [ 20 ] so far, nearly exclusively 
phase pure materials were electrochemically tested and com-
pared with each other. [ 21,22 ] Only very recent studies investigate 
the effect of P2- and O3-type structure coexistence, which is 
achieved via the partial substitution of sodium with lithium. 
Na 0.7 Li 0.3 Ni 0.5 Mn 0.5 O 2+δ was found to have a P2/O3 intergrowth 
structure [ 23 ] and Na 0.66 Li 0.18 Mn 0.71 Ni 0.21 Co 0.08 O 2+d was synthe-
sized as a P2+O3 composite material. [ 24 ] The intergrowth mate-
rial shows discharge capacities of 130 mAh g −1 at 15 mA g −1 
in a potential range of 2.0–4.05 V (versus Na/Na + ), whereas 
the composite material exhibits a high discharge capacity of 
200 mAh g −1 at 0.1 C (10 mA g −1 ) in a potential range of 
1.5–4.5 V (versus Na/Na + ), which, unfortunately, might be too 
wide to enable sodium-ion cells with reasonable voltages. 
 Herein, we report on the synthesis and characteriza-
tion of novel layered quaternary materials of the type 
Na x Mn y Ni z Fe 0.1 Mg 0.1 O 2 (0.67≤  x ≤ 1.0; 0.5≤ y ≤ 0.7; 0.1≤  z ≤ 0.3). 
The materials consist of either single P2- or O3-structured lay-
ered oxides or mixture of P3-, P2-, and O3-phases. The effect 
of this phase coexistence on the electrochemical performance 
is investigated and compared to the P2-type and O3-type refer-
ence compounds, revealing the outstanding performance of spe-
cifi c compositions. We believe the unexplored class of P-/O-type 
mixtures to be highly relevant for the development of powerful 
cathode materials and the formulation of future Na-ion batteries. 
 2.  Results and Discussion 
 2.1.  Material Design 
 The design and development of the different 
Na x Mn y Ni z Fe 0.1 Mg 0.1 O 2 materials was performed considering 
the oxidation states of Na + , Mn 4+ , Ni 2+ , Fe 3+ , and Mg 2+ . The 
initial sodium content in P2-type Na x MeO 2 is about  x ≈ 0.67 
as reported for most of the published materials. [ 25 ] The lower 
sodium content necessitates a higher average charge of the 
transition metal layer to balance the formula unit. Contrary, the 
initial sodium content in the O3-type structure is, most com-
monly, about  x ≈ 1, which allows for a lower positive charge of 
the transition metal layer. 
 In this work, small molar contents of Fe 3+ and Mg 2+ 
(0.1 equivalents each as in Na x Mn y Ni z Fe 0.1 Mg 0.1 O 2 ) were 
chosen. Mg 2+ is electrochemically inactive but, as dopant, 
it enables high coulombic effi ciencies and stable long-term 
cycling behavior. [ 13,14 ] Literature suggests superior energy effi -
ciencies to be achieved only with smaller Fe 3+ contents, e.g., 
for Na 0.6 Mn 0.66 Ni 0.22 Fe 0.11 O 2. [ 12 ] Therefore, the molar content of 
Fe 3+ and Mg 2+ was not varied. 
 The balancing of the formula can then effi ciently be achieved 
by varying the Mn 4+ /Ni 2+ ratio. This, on the other hand, also 
allows tuning the structural properties of the material as large 
Mn 4+ contents (high charge of transition metal layer) favor the 
P2-type structure, whereas high Ni 2+ contents (lower charge 
of transition metal layer) rather lead to the O3-type material. 
Thus, the effect on the materials structure was investigated 
by changing the Mn 4+ /Ni 2+ ratio, while keeping their molar 
sum at 0.8, in order to obtain a sodium molar content equal 
to 1 for the O3-type material and 0.667 for the P2-type mate-
rial. Considering the well-known, although minor, formation 
of Mn 3+ , a slightly higher molar amount of Mn was used in 
order to guarantee the appropriate charge balance and obtain 
phase pure P2-type and O3-type materials. Based on this con-
sideration, the compositions Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 and 
Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 were targeted to achieve P2-type and 
O3-type materials, respectively. 
 The initial synthesis of the different materials indicated that 
a higher initial stoichiometric sodium content leads to O3-type 
structures (see Supporting Information Figure S1). Further-
more, the P2-type material was found to form when the mate-
rials were slowly cooled down in the furnace. Consequently, 
choosing intermediate parameters (slow cool down in the fur-
nace instead of quenching in liquid nitrogen; stoichiometric 
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sodium content of 0.76 eq. of Na + instead of 0.67 eq. 
or 1.0 eq. Na + for P2- or O3-type material, respectively) was 
expected leading to a material composed of mixed P- and 
O-type layered oxides. Very important is that the synthesis of 
the material was conducted under “equilibrium chemistry” con-
ditions as reported by Paulsen and Dahn in 1999. [ 7 ] As a matter 
of fact, high temperatures and reaction times long enough to 
ensure the formation of thermodynamically stable phases were 
applied. This results in the formation of P-type and O-type 
phases, each in its most stable elemental composition. How-
ever, the process is limited by the average elemental availability 
of Na 0.76 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 . Also, the different phases form 
via competing reactions, infl uencing their fi nal ratio. 
 In the following, the investigations will focus on 
the characterization of P2-Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 , 
O3-Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 , and the mixed P3/P2/O3-type 
structured material with an average elemental composition of 
Na 0.76 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 . 
 2.2.  Structural and Morphological Characterization 
 Initially, inductively coupled plasma optical emission spec-
trometry (ICP-OES) was performed to verify the elemental 
composition of the different as-prepared materials.  Table  1 
gives an overview about the structure of the materials, their 
synthesis conditions, and the ICP-OES results. Results are 
in good accordance with the targeted stoichiometry as the 
variation of the elemental content, mostly, is only about 
±0.01 (P2-Na 0.67 Mn 0.69 Ni 0.11 Fe 0.09 Mg 0.11 O 2 ). However, for 
O3-Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 and for the mixed P3/P2/
O3-Na 0.76 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 slightly lower Na con-
tents were found (Na 0.83 Mn 0.51 Ni 0.31 Fe 0.08 Mg 0.10 O 2 and 
Na 0.72 Mn 0.51 Ni 0.31 Fe 0.08 Mg 0.09 O 2 , respectively). 
 X-ray diffractograms ( Figure  1 ) and Rietveld refi nement 
prove the aforementioned considerations for the structural 
design to be reasonable. All materials could be successfully 
synthesized (Figure  1 ) with only small amounts of additional 
crystalline phases. The Rietveld refi nements, incorporating also 
these phases and revealing their small content, are given in 
Supporting Information Figure S2. 
 In more detail, Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 with higher 
Mn 4+ /Ni 2+ ratio has a P2-type structure (space group:  P 6 3 / mmc ) 
with calculated lattice parameters of  a = 2.885 Å and  c = 11.209 
Å (Figure  1 a). The refl ections of a hexagonal impurity (O3-type 
structure, space group: 3R m) are marked with circles. The X-ray 
diffraction (XRD) pattern of Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 con-
fi rms the O3-type structure (space group: 3R m) (Figure  1 b). The 
calculated lattice parameters are  a = 2.947 Å and  c = 16.130 Å. 
The refl ections of a minor cubic impurity (space group: 3Fm m) 
are marked with squares. 
 Most importantly, intermediate synthesis parameters, 
indeed, lead to a mixture of the P3-type (space group:  R 3 m ), 
P2-type (space group:  P 6 3 / mmc ), and O3-type (space group: 
3R m) structures for Na 0.76 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 . Interestingly, 
the presence of a cubic phase (space group: 3Fm m; marked 
with a square in Figure  1 c) is evidenced as well. Calculated lat-
tice parameters via Rietveld refi nement are  a = 2.8997 Å and 
 c = 16.6866 Å for the P3-type phase,  a = 2.901 Å and  c = 11.121 
Å for the P2-type material, and  a = 2.933 Å and  c = 16.353 Å 
for the O3-type material. The P2-type layered oxide exhibits 
a smaller  c parameter in this mix (in comparison to the pure 
P2-type material) due to the higher Na content and, conse-
quently, weaker repulsion of adjacent oxygen layers. In the 
same manner, the  c parameter is larger for the O3-type mate-
rial in the mix as it contains a lower Na content compared to 
the pure O3-type material. The  a parameter shows only slight 
changes when comparing the mixed and the pure materials 
as it is less dependent on the Na content. The relative ratio 
between P- and O-type phases, as obtained via Rietveld refi ne-
ment, is 41% (P): 49 % (O). The cubic phase has a very similar 
composition as the one within the pure O3-type material and 
Rietveld refi nement indicates its share of 10%. Energy-disper-
sive X-ray spectroscopy (EDX) investigations suggest the cubic 
phase to be MgO as small accumulations of Mg are detected 
(Supporting Information Figure S3). However, both NiO and 
MgO exhibit the cubic space group of 3Fm m but differ in 
their lattice parameter  a which is 4.177 Å for NiO [ 26 ] and 4.212 
Å for MgO. [ 27 ] The lattice parameter of the cubic impurity is 
 a = 4.189 Å. Hence, a mixture of both components was 
obtained, most likely with a composition of Mg 1– x  Ni x O ( x ≈ 0.3) 
when comparing the lattice parameter with literature [ 27 ] Also, 
the rather broad diffraction peaks indicate a mixture of MgO 
and NiO as a variety of interlayer distances exists. [ 28 ] MgO coat-
ings are known to enhance the cycling stability as they act as 
a barrier between the electrolyte and the active material pre-
venting dissolution of active species. [ 29,30 ] Also the addition of 
Mg 1– x  Ni x O was found to result in an improved cycle revers-
ibility of layered oxides. [ 28 ] 
 Scanning electron microscopy (SEM) images for 
P2-Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 , O3-Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 , 
and the mixed P3/P2/O3-Na 0.76 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 mate-
rial are depicted in  Figure  2 . The P2-type material is composed 
of fl ake like primary particles with sharp edges of around 
1–3 µm in diameter and 100–500 nm in length (Figure  2 a,b). 
On the contrary, the O3-type material particles (Figure  2 c,d) 
are smaller (around 0.5–1 µm) and appear more spherical and 
agglomerated. Furthermore, an amorphous shell covering the 
particle surface is visible, known to be composed of sodium car-
bonate. [ 31 ] Finally, and most importantly, SEM clearly confi rms 
the mixture of P3-/P2-/O3-type layered oxides (Figure  2 e,f). 
Besides the larger fl akes of around 1–4 µm in diameter, 
belonging to the P2-type material, also the smaller (0.5–1 µm) 
particles of the O3- and P3-type material are apparent. The 
combination of the larger fl akes and smaller spherical particles 
suggests a more effective utilization of the interstices inside the 
material. 
 Table 1.  Overview about the materials that were synthesized, the 
corresponding synthesis condition, and ICP-OES results. 
Structure types Synthesis conditions Compositions and ICP-OES results
P2
 
Solid state reaction (800 °C) 
+ slow cool-down in furnace
Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 
Na 0.67 Mn 0.69 Ni 0.11 Fe 0.09 Mg 0.11 O 2 
O3
 
Solid state reaction (900 °C) 
+ quenching in N 2(l) 
Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 
Na 0.83 Mn 0.51 Ni 0.31 Fe 0.08 Mg 0.10 O 2 
P3/P2/
O3-material
Solid state reaction (900 °C) 
+ slow cool-down in furnace
Na 0.76 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 
Na 0.72 Mn 0.51 Ni 0.31 Fe 0.08 Mg 0.09 O 2 
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 2.3.  Electrochemical Characterization 
 The electrochemical (de-)sodiation of the various as-pre-
pared materials was initially evaluated via cyclic voltammetry 
( Figure  3 ). The cyclic voltammograms reveal the complex elec-
trochemical behavior of the different materials, indicating that 
the transition metals are active in wide potential ranges. [ 32–34 ] 
This is mainly because the arrangement of the four elements 
(Mn, Ni, Fe, and Mg) in the transition metal layer results in a 
great variety of local environments. [ 35 ] This variety of environ-
ments and the electrostatic repulsion of the sodium cations, 
both causing sodium-vacancy ordering, [ 36 ] lead to the reversible 
(de -)intercalation of sodium cations to occur over a wide range 
of potentials. [ 37 ] 
 Additionally, sodium sites of different energy (i.e., taking 
up and releasing Na + cations at different potentials) exist in 
the P2-type structure. [ 37 ] Furthermore, the presence of dif-
ferent phases (P3, P2, O3) leads to a more complex electro-
chemical behavior. For all these reasons, broad or multiple 
peaks of similar intensity instead of sharp, well-separated 
peaks are observed. Nevertheless, broad potential ranges in 
which each transition metal is redox active could be assigned 
based on literature. [ 12,32,33,35,38 ] In the lower potential region 
(2.0–2.5 V) the anodic and cathodic current peaks are associ-
ated with the Mn 3+ /Mn 4+ redox process. [ 32,33,35 ] In the poten-
tial range of 2.5–4.3 V the double electron process of the Ni 2+ /
Ni 4+ redox couple takes place. [ 12,32,38 ] In addition, other works 
on similar layered Na x Fe x Mn 1– x  O 2 materials demonstrated that 
the current peaks at higher potentials might also be associated 
with the Fe 3+ /Fe 4+ redox couple as Fe 4+ was detected at higher 
potentials (3.9–4.3 V). [ 32,33 ] However, further investigations are 
necessary to clarify if Fe also participates in the redox process 
in these materials. 
 Upon consecutive cyclic sweeps, most current peaks remain 
constant and show very good reversibility. Only some peaks 
show a slight decrease of the specifi c current accompanied 
by slight shifts to higher potentials or a slight broadening. A 
slightly lower reversibility is observed for the current peak at 
higher potentials (about 4.2 V) which is known to be accom-
panied by structural transitions [ 39 ] which will be explained 
in greater detail below. However, the current peak is still 
quite reversibly obtained for all materials. Indeed, compared 
to other materials, the peak at high potentials is much more 
reversible. [ 15,17,32,40 ] 
 The voltammogram of P2-Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 
(Figure  3 a) exhibits a series of current peaks that can be paired 
due to a symmetric shape of the cyclic sweep (2.1 V/<2.0 V 
(anodic/cathodic), 2.3 V/2.2 V, 2.5 V/2.3 V, 2.8 V/2.6 V, 
3.15 V/3.1 V, 3.35 V/3.3 V, 3.6 V/3.5 V, 3.9 V/3.7 V, 4.25 V/3.9 V). 
The intense specifi c current peak at 2.1 V is a result of the 
higher manganese content and, thus, increased participation 
of the Mn 3+ /Mn 4+ redox couple in the overall electrochemical 
redox process in comparison to the other two materials. How-
ever, the intensity decreases from the 2nd to the 20th cyclic 
www.MaterialsViews.com
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 Figure 1.  X-ray diffraction pattern and Rietveld refi nement of a) P2-type Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 (minor impurity of an O3-type phase is marked 
with o). b) O3-type Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 (minor cubic phase is marked with squares), and c) P3/P2/O3-material (cubic Mg 1– x  Ni x O ( x ≈ 0.3) phase 
is marked with squares).
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sweep with the anodic peak maximum shifting to higher poten-
tials, leading to an increasing current in the potential range of 
2.25–3.0 V. This suggests an increasing polarization and irre-
versible structural changes (e.g., Mn 2+ dissolution due to dis-
proportionation of Mn 3+ ). Upon consecutive cycling sweeps, the 
anodic peak at 4.25 V slowly decreases in intensity and slightly 
shifts to higher potentials suggesting the phase transition upon 
charging [ 39 ] to be partially irreversible. 
 The voltammogram of O3-Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 
(Figure  3 b) exhibits only three features per sweep with poten-
tial maxima at 2.9 V/2.6 V, 3.5 V/3.0 V, and 4.2 V/3.8 V. In the 
lower potential region only a small and very symmetric current 
peak is revealed proving a minor but stable contribution of the 
Mn 4+ /Mn 3+ redox process. Contrary to the P2-type material, the 
highest peak current is observed at 2.9 V, which can be associ-
ated with the higher Ni 2+ content. The peak at 4.25 V strongly 
www.MaterialsViews.com
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 Figure 2.  SEM images of a,b) P2-Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 , c,d) O3-Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 , and e,f) P3/P2/O3-material obtained at lower (left 
images) and higher (right images) magnifi cation.
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decreases in intensity. This is suggesting the phase transition 
(from P′3 to P″3 upon charging derived from the previous 
O3-P3 phase transition) to be more irreversible, which is in 
accordance with previous reports on O3-type materials cycled 
above a potential of 4.0 V. [ 17 ] 
 The voltammogram of mixed P3/P2/
O3-Na 0.76 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 (Figure  3 c) reveals a series of 
current peaks with maxima at 2.2 V/2.0 V, 3.0 V/2.7 V, 3.1 V/2.85 V, 
3.3 V/3.0 V, 3.6 V/3.3 V, 3.8 V/3.5 V, 4.1 V (peak shoulder), and 
4.2 V/3.8 V. In detail, an additional peak shoulder at 4.1 V is 
observed for the anodic peak at 4.2 V suggesting the phase 
transition to be more complicated as the structural transi-
tion of all parent phases has to be taken into account. Most 
important, the voltammogram of the mixed P3/P2/O3-mate-
rials resembles those of P2-Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 and 
O3-Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 . 
 Figure  4 a reports the 1st cycle of galvanostatic (de-)sodia-
tion of the various Na x Mn y Ni z Fe 0.1 Mg 0.1 O 2 (0.67≤  x ≤ 1.0; 
0.5≤  y ≤ 0.7; 0.1≤  z ≤ 0.3) materials at 0.1 C (18 mA g −1 ) in the 
potential range of 2.0–4.3 V. The potential profi les of all mate-
rials exhibit smooth slopes. This sloping nature of the plateau 
is known to result from the Mg doping. [ 13,14 ] The fi rst specifi c 
charge capacity provides information about the initially extracted 
sodium content, which was calculated according to the Fara-
day’s law excluding parasitic side reactions to occur (due to the 
low C rate, 0.1 C, kinetic limitations were also excluded). The 
www.MaterialsViews.com
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 Figure 3.  Cyclic voltammograms of selected cyclic sweeps of a) P2-Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 , b) O3-Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 , and c) P3/P2/
O3-material. Scan rate: 1 mV s −1 . Potential range: 2.0–4.3 V versus Na/Na + . Reference and counter electrode: Na. Temperature: 20 ± 2 °C. Electrolyte: 
1  M NaPF 6 in PC. Active material mass loading: P2) 3.99 mg, O3) 3.67 mg, P3/P2/O3-material) 4.16 mg.
 Figure 4.  Galvanostatic cycling of P2-Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 , O3-Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 , and P3/P2/O3-material at 1 C (180 mA g −1 ) except 
for the 1st cycle (0.1 C). a) Potential profi les of the 1st cycles, and b) specifi c discharge capacities and coulombic effi ciencies versus cycle number for 
50 cycles. Potential range: 2.0–4.3 V versus Na/Na + . Reference and counter electrode: Na. Temperature: 20 ± 2 °C. Electrolyte: 1  M NaPF 6 in PC. Active 
material mass loading: P2) 3.99 mg, O3) 3.72 mg, P3/P2/O3-material) 4.16 mg.
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highest initial charge capacity is delivered by the O3-type mate-
rial (162.8 mAh g −1 , i.e., 0.66 eq. of Na + ) which, in fact, also con-
tains the largest initial sodium reservoir. However, the voltage 
plateau at 4.1 V upon charge suggests irreversible structural 
changes to occur above 4.0 V as the corresponding voltage pla-
teau is much shorter during discharge. [ 40 ] The P2-type material 
shows a lower fi rst specifi c charge capacity (95.8 mAh g −1 , i.e., 
0.36 eq. of Na + ) due to the lower sodium content (0.67 eq. Na + ). 
Interestingly, the mixed P3/P2/O3 material reveals increased 
structural stability with respect to the O3-type material (contin-
uous potential increase above 4.0 V) and higher specifi c charge 
capacity (135.1 mAh g −1 , i.e., 0.52 eq. of Na + ) compared to the 
P2-type material. 
 Upon sodiation, the average discharge potential is higher 
for the O3-type and mixed P3/P2/O3 materials (both 3.2 V) 
and lower for the P2-type material (3.0 V) due to the increased 
participation of the Mn 3+ /Mn 4+ redox process. More detailed 
information can be found in Table S2 in the Supporting Infor-
mation. The coulombic effi ciency of the 1st cycle is only 87% 
for the O3-type material, in accordance with the observed irre-
versibility at higher potentials. On the contrary, the P2-type and 
mixed P3/P2/O3 materials reveal coulombic effi ciencies above 
100% for the 1st cycle (140% and 114%, respectively) due to the 
lower initial sodium reservoir in the P-type structures. 
 Upon galvanostatic cycling at 1 C in the potential range 
2.0–4.3 V (Figure  4 b) high specifi c discharge capacities as well 
as coulombic effi ciencies that exceed 99% after the 10th cycle 
are shown by all materials. In more details, the P2-type mate-
rial exhibits specifi c discharge capacities of 122.4 mAh g −1 and 
110.0 mAh g −1 at the 2nd and 50th cycle, resulting in 89.9% 
capacity retention (2nd–50th cycles). These results are clearly 
better than those of the O3-type material, which exhibits spe-
cifi c discharge capacities of 118.9 mAh g −1 and 93.4 mAh g −1 
for the 2nd and 50th cycles resulting in a capacity retention 
of only 78.6%. However, the mixed P3/P2/O3-material shows 
a superior capacity retention of about 91.3% and the highest 
discharge capacities in the 2nd and 50th cycles (137.0 mAh g −1 
and 125.1 mAh g −1 , respectively). Table S3 in the Supporting 
Information summarizes the results for a better overview. This 
outstanding performance, in accordance with the observations 
during the fi rst galvanostatic cycle, is indicative of a synergetic 
effect induced by the coexistence of the P-type and O-type 
phases. 
 The capacity fading of phase pure layered oxides upon 
cycling results from the occurring phase transitions, which are 
accompanied by large volume changes. These have a major 
impact, especially if these phase transitions occur at high poten-
tials. In fact, the  c -axis parameter of layered Na-based oxides 
is known to change dramatically upon sodium (de-)intercala-
tion and phase transitions with the latter usually observed at 
higher potentials. In detail, the  c -axis parameter of the O3-type 
material increases by ≈+1.7 Å [ 17 ] upon the several phase transi-
tions leading to the fi nal P″3-type material (fully charged state). 
In the opposite manner, the  c -axis parameter of the P2-type 
material decreases (≈−2.5 Å) [ 39,41 ] as the material undergoes 
the phase transition to O2-type upon charge. A similar trend 
occurs for the P3-type material above 4.0 V. [ 10,42 ] However, the 
opposite volumes’ changes occurring in the P-type and O-type 
phases (which have a ratio of 41/49 as indicated by the Rietveld 
refi nement) result in a very moderate overall electrode volume 
change. This reduces the strain inside the electrode, leading to 
the superior reversibility and capacity retention of the mixed 
material. To verify this hypothesis, however, in situ XRD 
measurements will be performed and reported in a following 
manuscript.  Figure  5 reports the electrochemical behavior of 
the three Na x Mn y Ni z Fe 0.1 Mg 0.1 O 2 (0.67≤  x ≤ 1.0; 0.5≤  y ≤ 0.7; 
0.1≤  z ≤ 0.3) materials upon C-rate tests at current rates of 0.1, 
0.2, 0.5, 1, 2, 5 C and ending with 0.2 C (1 C corresponding 
to a specifi c current of 180 mA g −1 ) within the potential range 
2.0–4.3 V. The resulting specifi c discharge capacities (Figure  5 a) 
obtained for the P2-, O3-, and mixed P3/P2/O3 material at dif-
ferent C-rates are shown in  Table  2 . Interestingly, the highest 
specifi c capacities are always delivered by the mixed P3/P2/
O3-material independently from the applied current rate due to 
the favorable combination of the high Ni content enhancing the 
performance of the O3-type phase [ 12 ] and the enhanced Na-ion 
diffusion characteristics of the P2-type phase. 
 The average discharge potential for the P2-, O3-, and mixed 
P3/P2/O3 material is 3.0, 3.2, and 3.2 V (versus Na/Na + ) at 
0.1 C (3rd cycle), respectively. This leads to theoretical specifi c 
energies of 388.3, 416.9, and 489.7 Wh kg −1 , respectively, con-
sidering the weight of the active material only. In line with pre-
vious results, the mixed P3/P2/O3 material shows the highest 
theoretical specifi c energy (see also Table S4 in the Supporting 
Information). The capacity retention after the C-rate test (com-
paring the 7th and 32nd cycles; both 0.2 C) is the highest for the 
mixed P3/P2/O3-material (99.3%). Lower values are obtained 
for the capacity retention of the P2- and O3- type materials 
(95.4% and 94.9%, respectively). 
 The discharge potential profi les for all materials (Figure  5 b–d) 
reveal an ohmic drop as high as 0.4 V for the P2-, 0.5 V for the 
O3- and only about 0.25 V for the mixed P3/P2/O3 material at 
higher current rates (5 C, 27th cycle). The smallest overpoten-
tial is apparent for the mixed P3/P2/O3-material, explaining the 
high delivered capacities during the C-rate test. With increasing 
C-rate the plateau initially at 2.2 V, which are associated with the 
Mn 3+ /Mn 4+ redox process, shift below the lower cut-off potential 
during discharge. The effect of this shift is more pronounced 
for the P2-type material at high rates (5 C, 900 mAh g −1 ) 
due to its higher Mn content. Similarly, the plateau above 
4.0 V shifts toward and, fi nally, above the upper cut-off potential 
during charge as higher current rates were applied. 
 The previous investigations clearly reveal the superior per-
formance of the mixed P3/P2/O3 material in terms of delivered 
specifi c capacity, average discharge potential, rate capability, 
capacity retention, and coulombic effi ciencies. Interestingly, 
a blend of the P2-type and O3-type materials does not deliver 
such improved performances compared to the synthesized 
mixed P3/P2/O3 material (Figure S4 in Supporting Informa-
tion). This confi rms the importance to synthesize mixed mul-
tiphase materials under equilibrium conditions to obtain this 
synergetic effect. Consequently, the mixed P3/P2/O3 material 
was studied in greater details, in particular to address the issue 
of the slight but still observable capacity fading upon long-term 
cycling (Figure  5 a). This capacity loss can mostly be attributed 
to the shifting of the potential plateau at 2.1 V (attributed to 
the Mn 3+ /Mn 4+ redox couple) below the lower cut-off potential 
upon discharge. The corresponding potential profi les can be 
www.MaterialsViews.com
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found in Supporting Information Figure S5. The potential shift 
and the capacity fading can be interconnected with the Mn 3+ 
ion, which can undergo a disproportionation reaction to form 
Mn 4+ and Mn 2+ ions with the latter dissolving into organic elec-
trolytes. [ 43 ] This Mn 2+ dissolution leads to the structural degra-
dation of the material, which is why also a shortening of the 
potential plateau between 4.0 and 2.5 V can be observed. How-
ever, this effect can be prevented by increasing the lower cut-off 
potential to 2.5 V (which is also more reasonable considering 
the use of the material in Na-ion cells). 
 Figure  6 a reports the galvanostatic cycling test at 0.1 C 
(18 mA g −1 ) of the mixed material in the narrower potential 
range (2.5–4.3 V). Reduced specifi c discharge capacities (i.e., 
128.2 mAh g −1 , 2nd cycle) are obtained as the Mn 3+ /Mn 4+ redox 
process occurring below 2.5 V is avoided. However, the average 
discharge potential increases from 3.2 to 3.4 V and the capacity 
fade and structural degradation due to Mn 2+ dissolution are 
prevented. As a matter of fact, a more stable cycling behavior 
and high capacity retention of 85.4% (1st to 200th cycles) can be 
observed. Furthermore, the coulombic effi ciency of the 1st cycle 
is 95.4%, which is very suitable for full cell applications. The 
coulombic effi ciency is slightly increasing and remains constant 
at an extraordinary high value of 99.7% throughout cycling. The 
potential profi les reveal that the cycling is much more stable 
and the potential plateau are only slightly shifting (Figure  6 b). 
Figure  6 c shows a C-rate test for the material using a narrow 
(2.5–4.3 V) and a wide (2.0–4.3 V) potential range. Increasing 
the lower cut-off potential leads to an unchanged higher power 
capability, as nearly the same capacities are obtained at higher 
rates (5 C) within the two potential ranges. The corresponding 
discharge potential profi les (Figure  6 d) in the narrow potential 
range (2.5–4.3 V) reveal smaller ohmic drops, i.e., only 0.17 V 
at higher current rates (5 C, 27th cycle) compared to the wider 
potential range (Figure  5 d). The galvanostatic cycling test 
of the mixed P3/P2/O3 material at 1 C (180 mA g −1 ) in the 
potential range of 2.5–4.3 V demonstrates the excellent mate-
rial reversibility for 600 cycles (Figure  6 e). The average cou-
lombic effi ciency exceeds the exceptionally high value of 99.9% 
throughout the cycling at 1 C. Fingerprint cycles (the 1st and 
every 50 cycles) were performed at 0.1 C (18 mA g −1 ) to eval-
uate material degradations occurring upon cycling. Comparing 
the specifi c discharge capacities delivered in these cycles, the 
extraordinarily high capacity retention of the material is evident 
(90.2% between the 1st and 601st cycles, both at 0.1 C). Figure  6 f 
shows the potential profi les of the fi ngerprint cycles, which, 
by showing only very mild changes, confi rm the outstanding 
reversibility of the (de-)sodiation process in the mixed P3/P2/
O3 material. An additional proof comes from the comparison 
of the electrochemical performance with recently developed 
state-of-the-art layered sodium oxides reported in Table S5 in 
www.MaterialsViews.com
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 Table 2. Specifi c discharge capacities obtained for the P2-, O3-, and 
mixed P3/P2/O3-material at different C-rates (see Figure  5 a) . 
Structure types
0.2 C 
[mAh g −1 ]
0.5 C 
[mAh g −1 ]
1 C 
[mAh g −1 ]
2 C 
[mAh g −1 ]
5 C 
[mAh g −1 ]
P2 125 117 105 91 67
O3 120 110 102 92 78
P3/P2/O3-material 148 142 134 122 103
 Figure 5.  Electrochemical performance of P2-Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 , O3-Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 , and P3/P2/O3-material during a C-rate test 
performed at 0.1 C (18 mA g −1 ), 0.2 C (36 mA g −1 ), 0.5 C (90 mA g −1 ), 1 C (180 mA g −1 ), 2 C (360 mA g −1 ), 5 C (900 mA g −1 ) for fi ve cycles each and 
again 0.2 C (36 mA g −1 ) for 250 cycles. a) Specifi c discharge capacities and coulombic effi ciencies versus cycle number for 280 cycles, and b–d) poten-
tial profi les of selected cycles. Potential range: 2.0–4.3 V versus Na/Na + . Reference and counter electrode: Na. Temperature: 20 ± 2 °C. Electrolyte: 1  M 
NaPF 6 in PC. Active material mass loading: P2) 4.13 mg, O3) 3.63 mg, P3/P2/O3-material) 4.07 mg.
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the Supporting Information. This exceptional stable long-term 
cycling performance of the mixed P3/P2/O3 material in a 
potential range that is highly suitable for full cell applications, 
again, proves how promising the unexplored class of mixed 
P- and O-type structures might be. 
 3.  Conclusion 
 Novel layered oxide cathode materials containing four different 
metals (Mn, Ni, Fe, and Mg) were successfully synthesized 
through a simple and easily upscalable solid state reaction. 
The feasibility of tuning the structural properties (P2-type or 
O3-type) of Na x Mn y Ni z Fe 0.1 Mg 0.1 O 2 by varying the sodium 
content, the Mn(IV)/Ni(II) ratio and the synthesis conditions, 
was also demonstrated. With this approach, it was possible 
to synthesize O3-type Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 and P2-type 
Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 and, most importantly, the mixed 
P3/P2/O3-type material with average elemental composition of 
Na 0.76 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 . All materials showed good elec-
trochemical performance, but the mixed P3/P2/O3-material 
revealed outstanding electrochemical performance in terms of 
specifi c capacity, rate capability, reversibility, and cycle stability. 
 This superior performance is the result of different effects. 
The coexistence of structures in the mixed material has a syn-
ergetic effect on the electrochemical performance. The O3-type 
phase grants a larger initial sodium reservoir (high (initial) spe-
cifi c capacities) and the P2-and P3-type phases enable superior 
rate capability (facile and fast Na + cations migration between 
face-sharing prismatic sites) and better high-voltage stability. 
However, it is very important to conduct the synthesis under 
“equilibrium chemistry” conditions by choosing intermediate 
synthesis parameters, which allow the simultaneous forma-
tion of the different phases. In this way, P-type and O-type 
phases are formed, all in their most thermodynamically stable 
elemental composition. This enables improved electrochemical 
 Figure 6.  Electrochemical performance of P3/P2/O3-material. a) Galvanostatic cycling test at 0.1 C (18 mA g −1 ) in a potential range of 2.5–4.3 V. 
b) Potential profi les at 0.1 C (18 mA g −1 ) of cycles 1, 50, 100, 150, and 200. c) C-rate test performed at 0.1 C (18 mA g −1 ), 0.2 C (36 mA g −1 ), 0.5 C 
(90 mA g −1 ), 1 C (180 mA g −1 ), 2 C (360 mA g −1 ), 5 C (900 mA g −1 ), and 0.2 C (36 mA g −1 ) in different potential ranges. d) Potential profi les of selected 
cycles. e) Galvanostatic cycling test at 1 C (180 mA g −1 ), 1st and every 50 cycles at 0.1 C (18 mA g −1 ) in a potential range of 2.5–4.3 V. f) Potential 
profi les of fi ngerprint cycles at 0.1 C (18 mA g −1 ). Reference and counter electrode: Na. Temperature: 20 ± 2 °C. Electrolyte: 1  M NaPF 6 in PC. Active 
material mass loading: a,b) 3.96 mg, c) 3.98 mg, 4.03 mg, d) 3.98 mg, and e,f) 3.82 mg.
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performance, which cannot be achieved by mixing (postsyn-
thesis) pure P- and O-type phases. Moreover, the P-type and 
O-type phases might stabilize each other as their  c -axis para-
meters exhibit opposing changes upon (de-)sodiation and phase 
transition. This might reduce the strain inside the electrode 
and stabilize the cycling behavior of the active material. 
 The presence of the cubic phase, whose composition seems 
to be Mg 1– x  Ni x O ( x ≈ 0.3), although only accounting for a few 
percent of the sample mass, might have a benefi cial impact 
on the cycling performance as similar compounds were found 
to enhance the cycling reversibility of layered oxides. Finally, 
the combination of the larger fl akes (P2) and smaller particles 
(O3 and P3) results in a more effective utilization of the inter-
stices inside the composite electrode. As a matter of fact, the per-
formance of the P3/P2/O3 material is among the best reported 
for layered oxides. [ 34 ] The potential range of 4.3–2.5 V versus 
Na/Na + certainly allows the formulation of powerful Na-ion 
cells with suitable anode materials, which is currently under 
investigation in our labs. [ 44,45 ] It should be highlighted that the 
class of mixed P-/O-type materials is rather unexplored. Thus, 
potential for further improvements exists. The synthesis condi-
tions could, e.g., be modifi ed to formulate new mixtures with 
different P-type to O-type ratios. This is especially exciting as the 
optimal ratio between P-type (higher power) and O-type (higher 
energy) structures in mixtures is still unknown and could lead 
to tremendous improvements. In any case, various other param-
eters deserve to be investigated to explain the synergetic effect 
resulting in the outstanding electrochemical performance, e.g., 
the detailed elemental composition of the different P2-, P3-, and 
O3-type structured layered oxides inside the mixture as well as 
identify the nature of the still unknown cubic phase via trans-
mission electron microscopy (TEM; chemical composition, 
crystalline structures, and morphology of particles) and X-ray 
absorption spectroscopy (XAS; oxidation state of elements and 
structural information). 
 4.  Experimental Section 
 Synthesis of Na x [M]O 2 Materials (M = Mn, Ni, Fe, Mg) : All chemicals 
were used as received without further purifi cation. All syntheses were 
carried out by simple and time-effi cient solid-state reaction in air and 
duplicated, at least, twice to ensure reproducibility. For the solid state 
reaction stoichiometric portions of sodium carbonate monohydrate 
(Sigma-Aldrich, ≥99.5%), manganese(II) acetate tetrahydrate (Sigma-
Aldrich, ≥99%), nickel(II) acetate tetrahydrate (Sigma-Aldrich, ≥99%), 
iron(II) acetate (Sigma-Aldrich, ≥99.99%), and magnesium(II) acetate 
tetrahydrate (Sigma-Aldrich, ≥99%) were mixed according to the desired 
Na/Mn/Ni/Fe/Mg ratio content (P2-Na 2/3 Mn 0.7 Ni 0.1 Fe 0.1 Mg 0.1 O 2 , O3- 
Na 1 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 , P-/O-Na 0.76 Mn 0.5 Ni 0.3 Fe 0.1 Mg 0.1 O 2 ) to yield 
in 0.02 mole of the fi nal material. After intensive manual grinding, the 
material was preannealed in an aluminum oxide crucible in an open-air 
muffl e furnace at 500 °C for 6 h (heating rate: 3 °C min −1 ). After cooling 
down to room temperature in the furnace, the preannealed material was 
manually ground and then, as a powder, subjected to high temperature 
annealing at 800 °C (P2-type material) or 900 °C (O3-type and mixed P3/
P2/O3-material) for 6 h (heating rate: 5 °C min −1 ) in an open-air muffl e 
oven, resulting in the formation of a dark brownish powder that was either 
quenched in liquid nitrogen (O3-type material) or slowly cooled to ambient 
temperature inside the oven (P2-type and mixed P3/P2/O3-material). It 
should be noted that the properties of the furnace as well as the annealing 
environment (e.g., air fl ow inside the furnace) have a strong infl uence on 
the structure of the fi nal material as well as the ratio of the P-type and 
O-type structure in the mixed materials. Herein, the heat treatment was 
conducted in a muffl e furnace (model L9/12, Nabertherm). 
 The products of the different synthesis methods were manually 
ground after the annealing, screened over a 45 µm sieve and, fi nally, 
stored in an argon-fi lled glovebox. No water treatment of the as-prepared 
materials was performed at the end of the synthesis to remove the 
impurities of sodium carbonate formed during the annealing process in 
air. This is due to the high sensitivity of the O3-type structure, which 
collapses upon the water rinsing process. Interestingly, the P-type phases 
were found to remain stable in materials composed of O-type and P-type 
phases (see Figure S6 and Table S1 in the Supporting Information). 
 Characterization : X-ray diffractograms were recorded in Bragg-
Brentano geometry on Bruker D8 Advance. Si-single crystal sample 
holders were used and all samples were rotated to reduce anisotropies. 
All diffractograms were recorded with CuK α radiation ( λ = 0.154 nm) in 
the 2 Θ range of 10°–90° with a step size of 0.014354° resulting in a 2 h 
measurement procedure. 
 Morphological characterization was conducted via SEM with a ZEISS 
1550VP Field Emission SEM. For measurements the samples were fi xed 
onto an aluminum sample holder with a conductive carbon tape (Plano 
G3347). 
 Elemental composition of the different materials was verifi ed via 
ICP-OES with an Ultima 2 from Horiba. 
 Electrode Preparation and Cell Assembly : The electrode slurry was 
prepared by mixing 85 wt% (0.5 g) of active material with 10 wt% 
(0.059 g) of conductive agent (SuperC65, TIMCAL; dried under vacuum 
at 120 °C for 6 d) and 5 wt% of polyvinylidenedifl uoride (PVdF; dried at 
60 °C for 3 d, Solef 6020, Solvay Polymer specialties) (0.294 g, 10 wt% 
solution in dried  N -methyl-2-pyrrolidone (NMP)). NMP was added so 
that the resulting slurry had a solid content of about 30 wt%. Materials 
were mixed via ball milling using a ball-to-powder-ratio of about 8 and 
the slurry was cast on aluminum foil. Following, the electrode fi lm 
was dried at 120 °C and disk electrodes with a diameter of 12 mm 
were cut and pressed. The fi nal electrodes were dried at 120 °C under 
vacuum overnight, weighed, dried again, and then stored in an argon-
fi lled glovebox. The average active material mass loading in the used 
electrodes ranged between 3.63 and 4.16 mg cm −2 . For the direct 
comparison of the electrochemical performance of different materials 
always similar mass loadings were used. 
 Three electrode Swagelok cells were assembled in an argon fi lled 
glove box from Mbraun (MB 200B ECO) with oxygen and water content 
of less than 0.1 ppm. Sodium metal was cut from sodium sticks (Acros 
Organics, 99.8%), pressed and punched on the current collector, and 
used as counter and reference electrode. As electrolyte a solution 
of 1  M NaPF 6 (Sigma-Aldrich, ≥99%) in PC (UBE, Japan) was used in 
combination with a glass fi ber separator (Whatman). 
 Electrochemical Characterization : Cyclic voltammetry was performed 
on a multichannel potentiostat/galvanostat (VMP3) from Biologic 
Science Instruments using a scan rate of 1 mV s −1 between 2.0 and 
4.3 V. Galvanostatic cycling experiments were performed on a Maccor 
battery cycler (Series 4000) between 2.0 and 4.3 V or 2.5 and 4.3 V. A 
nominal capacity of 180 mAh g −1 (1 C = 180 mA g −1 ) was used for all 
materials to ensure direct comparability. All tests were performed in 
climatic chambers at a temperature of 20 ± 2 °C. 
 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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